To assess the importance of relativistic effects for the quantum chemical description of oxidative addition reactions of palladium to C-H, C-C and C-Cl bonds, we have carried out a systematic study of the corresponding reactions of CH 4 , C 2 H 6 and CH 3 Cl with Pd-d 10 using nonrelativistic ͑NR͒, quasirelativistic ͑QR͒, and zeroth-order regularly approximated ͑ZORA͒ relativistic density functional theory ͑DFT͒ at the BP86/TZ͑2͒P level. Relativistic effects are important according to both QR and ZORA, the former yielding similar but somewhat more pronounced effects than the latter, more reliable method: activation barriers are reduced by 6 -14 kcal/mol and reaction enthalpies become 15-20 kcal/mol more exothermic if one goes from NR to ZORA. This yields, for example, 298 K activation enthalpies ⌬H 298 of Ϫ5.0 ͑C-H͒, 9.6 ͑C-C͒ and Ϫ6.0 kcal/mol ͑C-Cl͒ relative to the separate reactants at ZORA-BP86/TZ͑2͒P. In accordance with gas-phase experiments on reactions of Pd with alkanes, we find reaction profiles with pronounced potential wells for reactant complexes ͑collisionally stabilized and observed in experiments for alkanes larger than CH 4 ͒ at Ϫ11.4 ͑CH 4 ͒, Ϫ11.6 ͑C 2 H 6 ͒ and Ϫ15.6 kcal/mol ͑CH 3 Cl͒ relative to separated reactants ͓ZORA-BP86/TZ͑2͒P͔. Furthermore, we analyze the height of and the relativistic effects on the activation energies ⌬E in terms of the activation strain ⌬E strain of and the transition-state interaction ⌬E int between the reactants in the activated complex, with ⌬E ϭ⌬E strain ϩ⌬E int .
I. INTRODUCTION
Oxidative addition and reductive elimination ͓Eq. ͑1͔͒ are ubiquitous in homogeneous catalysis 1 and have been the subject of many experimental [2] [3] [4] [5] [6] and theoretical [7] [8] [9] [10] [11] [12] studies:
͑1͒
These studies can basically be divided into two groups associated with two different approaches: ͑i͒ the experimental or theoretical investigation of particular transition metal complexes ͑with more or less realistic model systems in the latter case͒, [1] [2] [3] [4] [5] 8, 9 and ͑ii͒ the investigation of the intrinsic reactivity of metal ions or atoms in the absence of ligands or solvent molecules. 4 -7,10,11 Experimentally, the latter is realized by mass spectrometric ͑metal ions͒ [3] [4] [5] and spectroscopic ͑neutral metal atoms͒ 6, 7 techniques. Theoretical studies 10, 11 play a key role in this approach because they allow for an examination of model reactions that are experimentally difficult to realize ͑or even inaccessible͒ and yet essential for unraveling a particular problem and achieving profound understanding. We are interested in the prototypical processes of C-H, C-C and C-Cl bond activation. Whereas in the long term we aim to understand and direct, on the basis of quantum chemical analyses, the factors that determine the catalytic activity of the corresponding transition metal complexes, our starting point is the investigation of the intrinsic reactivity of the transition metal atom. This enables us, in later stages, to precisely assess how ligands alter the metal electronic structure and how they exactly affect the activity and selectivity of the resulting homogeneous catalyst. Thus, recently, we have studied the oxidative addition of Pd-d 10 ϩCH 3 Cl using nonrelativistic density functional theory ͑DFT͒ at the BP86// LDA level. 10 It was shown that the palladium atom has an intrinsic preference for direct oxidative insertion into the C-Cl bond ͓Eq. ͑2͒, OxIn͔, unlike transition metal complexes such as, e.g., ͓Rh͑CO͒ 2 I 2 ͔ Ϫ and ͓Rh͑CO͒ 2 I 3 ͔ 2Ϫ that undergo oxidative addition to CH 3 I via an S N 2 pathway. 2p-r For palladium, this competing nucleophilic substitution mechanism ͓Eq. ͑2͒, S N 2͔ was found to have an activation energy that is 31 kcal/mol higher than direct oxidative insertion ͓Eq. ͑2͒, OxIn͔:
͑2͒
In the present paper, we extend our previous work in three ways: ͑i͒ relativistic effects are incorporated into the theoretical treatment, ͑ii͒ the DFT computations are brought to a higher level of theory, and ͑iii͒ the set of model substrates is extended to cover the processes of C-H and C-C in addition to C-Cl bond activation, thus describing all three insertion reactions consistently at the same level of theory. The main purpose is to assess the importance of relativistic effects 12 in density functional theoretical ͑DFT͒ 13,14 studies on oxidative addition and to provide a sound basis for further theoretical studies on homogeneous catalysis. 15 Thus, we have carried out a systematic investigation on the oxidative insertion of Pd-d 10 into the C-H, C-C and C-Cl bonds of CH 4 , C 2 H 6 and CH 3 Cl, respectively, using nonrelativistic ͑NR͒, quasirelativistic ͑QR͒, and zeroth-order regularly approximated ͑ZORA͒ relativistic density functional theory ͑DFT͒ at the BP86/TZ͑2͒P level ͑see Sec. II͒. The difference in activation energies ⌬E between the different oxidative addition reactions is interpreted and discussed in terms of the activation strain ⌬E strain of, and the transition-state interaction ⌬E int between, the reactants in the activated complex, where ⌬E ϭ⌬E strain ϩ⌬E int ͑cf. activation strain-TS interaction model 10a ͒. In particular, we discuss how relativity affects both these barrier heights and the geometries of the corresponding transition states ͑see Sec. III͒.
II. METHODS

A. General procedure
All calculations were performed using the Amsterdam Density Functional ͑ADF͒ program. 16 The numerical integration was performed using the te Velde scheme.
16b,f,g The MOs were expanded in a large uncontracted set of Slater type orbitals ͑STOs͒ containing diffuse functions: TZ͑2͒P.
16b,g The TZ͑2͒P basis is of triple-quality for all atoms and has been augmented with two sets of polarization functions on maingroup atoms ͑3d and 4 f on C and Cl; 2p and 3d on H͒ and an extra set of 5p functions on palladium. The core shells of carbon (1s), chlorine (1s2s2p) and palladium (1s2s2p3s3 p3d) were treated by the frozen-core ͑FC͒ approximation. 
B. Relativistic effects
Relativistic effects were treated using two different approaches: ͑i͒ the quasirelativistic ͑QR͒ formalism, 18, 19 and ͑ii͒ the zeroth-order regular approximation ͑ZORA͒.
20
The quasirelativistic ͑QR͒ formalism 18 proceeds from a first-order perturbation approach based on the Pauli Hamiltonian H Pauli ͓Eq. ͑4͒, in atomic units͔. 19 The latter is obtained from the Dirac Hamiltonian by the procedure of elimination of the small components, followed by an expansion, up to first order, of the resulting operator in (EϪV)/2c 2 and some manipulations:
The first two terms of H Pauli ͑the potential V and kinetic energy operator p 2 /2͒ represent the nonrelativistic Hamiltonian and, in fact, correspond to an expansion up to only zeroth order. The last three terms can be conceived as a first-order relativistic perturbation, consisting of the so-called mass-velocity term p 4 /8c 2 ͑a correction to the kinetic energy associated with the relativistic increase of the electron's mass͒, the Darwin term ⌬V/8c 2 ͑a correction to the effective potential associated with the so-called Zitterbewegung of the electron͒, and the spin-orbit operator ͑which couples electron spin and orbital momenta͒. In the present study, only scalar relativistic effects are considered, i.e., the spin-orbit term is not included. In the QR approach, the relativistic energy correction is obtained through diagonalizing the first-order relativistic operator ͑i.e., the relativistic terms in H Pauli ͒ in the space of zeroth-order solutions ͑i.e., the nonrelativistic MOs͒. This turns out to improve results significantly over a simple first-order perturbation treatment. Nevertheless, the QR treatment suffers from a series of problems ͑see Ref. 20͒. For example, the expansion used to obtain the Pauli Hamiltonian is invalid for particles in Coulomb potentials because the corresponding ͑nonrelativistic͒ eigenstates have compo-nents of high momentum near the nuclei; as a result, the condition (EϪV)/2c 2 Ӷ1 is not satisfied. Another serious problem is that H Pauli is unbound from below which, in principal, implies a core-collapse of the valence MOs. In practice, this collapse is in most, but not all, cases prevented merely by the absence of the highly compact components in the valence basis set that would be necessary for describing the corresponding solutions, i.e., the collapsed MOs.
Most of the problems associated with the Pauli Hamiltonian and the QR approach can be solved 20 if the Hamiltonian resulting from elimination of the small components is expanded in 1/(2c 2 ϪV) instead of (EϪV)/2c 2 . To zeroth order, this leads to the ZORA Hamiltonian ͓Eq. ͑5͒, in atomic units͔.
In the present study, the performance of the QR and the more reliable ZORA approaches are compared with each other and with the nonrelativistic ͑NR͒ DFT results.
C. Analysis of activation barriers
The bonding in transition states for oxidative insertion was analyzed in the conceptual framework provided by the Kohn-Sham molecular orbital ͑KS-MO͒ model 14 to gain insight into how the activation barriers of the different oxidative insertion reactions arise and how they are influenced by relativity. This is done using the Activation-strain TSinteraction ͑ATS͒ model of chemical reactivity 10a in which the activation energy ⌬E relative to the separate reactants is decomposed into the activation strain ⌬E strain and the transition-state ͑TS͒ interaction ⌬E int ͓Eq. ͑6͔͒:
The activation strain ⌬E strain is the strain energy associated with deforming the reactants from their equilibrium structure to the geometry they acquire in the activated complex. The TS-interaction ⌬E int is the actual interaction energy between the deformed reactants in the transition state. In the present study, one of the reactants is the Pd-d 10 atom and the other reactant is one of the organic substrates CH 4 , C 2 H 6 , and CH 3 Cl.
Next, the extended transition state ͑ETS͒ method 21 developed by Ziegler and Rauk is used to further decompose the TS interaction ⌬E int between the strained reactants into three physically meaningful terms ͓Eq. ͑7͔͒:
͑7͒ TABLE I . Reaction profiles at BP86/TZ͑2͒P without and with relativistic effects for the oxidative insertion of Pd into the C-H, C-C, and C-Cl bonds of CH 4 , C 2 H 6 and CH 3 Cl, respectively: 298 K enthalpies ͑in kcal/mol͒ relative to reactants, and geometry parameters ͑in Å, degrees͒. Reaction Coordinateϭ͓͑C-X͒Ϫ͑C-X͒ R ͔/͓͑C-X͒ P Ϫ͑C-X͒ R ͔ with ͑C-X͒, ͑C-X͒ R and ͑C-X͒ P the C-X bond length in a particular stationary point, in the reactants ͑i.e., isolated substrate͒ and in the product, respectively.
The term ⌬V elst corresponds to the classical electrostatic interaction between the unperturbed charge distributions of the deformed reactants and is usually attractive. The Paulirepulsion ⌬E Pauli comprises the destabilizing interactions between occupied orbitals and is responsible for the steric repulsion. The orbital interaction ⌬E oi accounts for charge transfer ͑interaction between occupied orbitals on one moiety with unoccupied orbitals of the other, including the HOMO-LUMO interactions͒ and polarization ͑empty-occupied orbital mixing on one fragment due to the presence of another fragment͒.
III. RESULTS AND DISCUSSION
A. Relativistic effects on potential energy surfaces and structures
In this section, we examine the potential energy surfaces ͑PES͒ for the various oxidative insertion ͑OxIn͒ reactions of PdϩCH 3 X using nonrelativistic ͑NR͒, quasirelativistic ͑QR͒ and ZORA relativistic DFT at the BP86/TZ͑2͒P level of theory ͑see Scheme 1, XvH, CH 3 , Cl͒. Our results are summarized in Table I ͑enthalpies͒ and II ͑energies͒, and in Figs. 1 ͑reaction profiles͒ and 2 ͑geometries͒.
Each of the three oxidative addition reactions proceeds from the reactants ͑R͒ by first forming a reactant complex ͑RC͒ which leads, via insertion of the metal atom into the C-X bond, to the transition state ͑TS͒ and, finally, the product ͑P; see Scheme 1 and Fig. 1͒ . The effect of relativity according to both the QR and ZORA approach is that stationary points along the reaction coordinate are stabilized with respect to the reactants, and that this stabilization becomes stronger as the reaction proceeds, i.e., in the order reactant complex ͑RC͒Ͻtransition state ͑TS͒Ͻproduct ͑P͒. The effects are slightly less pronounced in ZORA than in QR. This picture emerges from the relative enthalpies in Table I as well as the electronic energies collected in Table  II . Note that the relativistic stabilizations of reactant complex and TS are essentially equal in magnitude ͑ca. 6 kcal/mol͒ only for the insertion of Pd into the C-Cl bond. Let us, for example, take a closer look at the insertion of Pd into the TABLE II. Reaction profiles obtained with different methods for the oxidative insertion of Pd into the C-H, C-C, and C-Cl bonds of CH 4 , C 2 H 6 and CH 3 Cl, respectively: Zero-Kelvin electronic energies ⌬E ͑in kcal/mol͒ Relative to reactants ͑see also Fig. 2͒ and ZPE-corrected energies ⌬Eϩ⌬ZPE in parentheses. C-H bond of methane. The nonrelativistic ͑NR͒ relative 298 K enthalpies of the stationary points along the reaction coordinate are 0.0 ͑R, 1a͒, Ϫ6.2 ͑RC, 1b͒, 9.2 ͑TS, 1c͒ and 8.7 kcal/mol ͑P, 1d; see Table I͒ . The corresponding quasirelativistic ͑QR͒ values are 0.0 ͑1a͒, Ϫ12.6 ͑1b͒, Ϫ7.6 ͑1c͒ and Ϫ13.3 kcal/mol ͑1d͒ and ZORA yields 0.0 ͑1a͒, Ϫ11.4 ͑1b͒, Ϫ5.0 ͑1c͒ and Ϫ9.7 kcal/mol ͑1d͒. Similar effects can be observed for insertion of palladium into the ethane C-C ͑2a-2d͒ and chloromethane C-Cl bonds ͑3a-3d; see Table I͒ . Thus, going from NR to ZORA, activation enthalpies are reduced by 6 ͑C-Cl͒ to 14 kcal/mol ͑C-H͒ and reaction enthalpies become more exothermic by 15 ͑C-Cl͒ to 20 kcal/ mol ͑C-C͒. This yields 298 K activation enthalpies ⌬H 298 of Ϫ5.0 ͑C-H͒, 9.6 ͑C-C͒ and Ϫ6.0 kcal/mol ͑C-Cl͒ relative to the separate reactants at ZORA-BP86. The corresponding reaction enthalpies ⌬H r,298 are Ϫ9.7 ͑C-H͒, Ϫ14.1 ͑C-C͒ and Ϫ35.7 kcal/mol ͑C-Cl͒.
The relativistic stabilization of reactant complexes ͑RC͒, although weaker than that of transition states and products, is still substantial. This results in pronounced potential wells with complexation enthalpies of Ϫ11 kcal/mol for the alkanes ͑1b and 2b͒ and Ϫ16 kcal/mol for chloromethane ͑3b͒ at ZORA-BP86. Figure 2 provides a graphical overview of the relativistic effects on potential energy surfaces by comparing the nonrelativistic ͑left͒ and ZORA relativistic ͑right͒ reaction profiles based on the energies in Table II . Here, it can be clearly seen how relativity significantly reduces the activation barriers for insertion. Note, on the other hand, that the barriers for the reverse reactions, i.e., reductive elimination, become higher. This is of course simply due to the fact that the products ͑1d-3d͒ are more strongly stabilized than the transition states ͑1c-3c͒. Note also that relativistic effects, although sizeable, do not change the relative order of barrier heights and reaction energies or enthalpies ͑Fig. 2͒.
How does this compare with the structural effects of relativity? In the first place, the relativistic stabilization of minimum energy structures is accompanied by a shortening of bonds that involve palladium, i.e., C-Pd and X-Pd, as can be seen in Table I for reactant complexes ͑RC͒ and products ͑P͒. This is in line with general experience.
12b The relativistic C-Pd and X-Pd bond contractions are somewhat less pronounced for ZORA than for QR. We take again the reac- tion of PdϩCH 4 as an example. In the reactant complex 1b, Pd has short contacts to both C and X (vH). If we go from NR to ZORA, the C-Pd bond length decreases from 2.347 to 2.298 Å in the reactant complex ͑1b͒ and from 2.016 to 2.000 Å in the product 1d. Likewise, the H-Pd bond shrinks from 1.981 to 1.949 Å in 1b and from 1.546 to 1.527 Å in 1d. Similar effects occur for insertion of palladium into the ethane C-C ͑2b and 2d͒ and chloromethane C-Cl bonds ͑3b and 3d; see Table I͒ . Note that the metal-substrate interaction in the reactant complexes 2b and 3b differs from that in 1b ͑see Fig. 1 and Table I͒. In 2b, Pd binds to ethane via two C-H bonds of a methyl group instead of forming direct C-Pd and X-Pd bonds (XϭC). In 3b, Pd binds to the substrate predominantly via X (vCl) and not via C. Thus, the primary effect of relativity is Cl-Pd contraction while there is no pronounced trend for the C-Pd distance. In fact, the latter contracts for QR ͑from 3.365 to 3.251 Å͒ and expands for ZORA ͑from 3.365 to 3.463 Å; see Table I͒ .
Another striking effect is the relativistic contraction of the activated C-X bond in the transition states ͑see Table I͒ . It is strongest for the TS of C-H insertion ͑1c͒ and becomes less pronounced for the transition states of C-C ͑2c͒ and C-Cl ͑3c͒ insertion. For example, going from NR to ZORA, the C-X distance decreases by 0.1 Å in 1c ͑from 1.712 to 1.613 Å͒, by 0.07 Å in 2c ͑from 1.997 to 1.929 Å͒ and by only 0.001 Å in 3c ͑from 1.969 to 1.968 Å͒. To enable a more straightforward comparison of the effect in the different reactions, we define a reaction coordinate R based on the C-X bond length ͓Eq. ͑8͔͒:
Here, ͑C-X͒ is the C-X bond length in a particular stationary point and (C-X͒ R and (C-X͒ P are the C-X bond length in the reactants ͑i.e., isolated substrate͒ and in the product, respectively. Thus, Rϭ0 at the beginning of the reaction
Relative zero-Kelvin electronic energies ͑in kcal/mol͒ of stationary points along the potential energy surface for oxidative insertion ͑OxIn͒ of Pd into the C-H, C-C and C-Cl bonds of CH 4 (1), C 2 H 6 (2) and CH 3 Cl (3) at nonrelativistic ͑NR, left͒ and ZORA relativistic ͑right͒ BP86/TZ͑2͒P ͑see Table II͒ . See also Scheme 1. ͑i.e., for the reactants͒ and Rϭ1 when the reaction has been completed ͑i.e., for the products͒. As can be seen in Table I ͑e.g., for ZORA-BP86͒, the extent of C-X bond elongation in the TS is highest for the most endothermic reaction, that is, insertion of Pd into the C-H bond ͑1c: Rϭ0.45͒, and lowest for the most exothermic reaction, that is, insertion of Pd into the C-Cl bond ͑3c: Rϭ0.12͒. This fits in nicely with the Hammond postulate 22 for transition states of homologous reaction systems ͑compare Table I and Fig. 2͒ . Note that the relativistic contraction of the C-X bond in the TS corresponds to a shift in character of the latter toward the educt. Note also that this occurs together with a relativistic increase in the reaction exothermicity. This is again reminiscent of the Hammond postulate. We return to this point in Sec. III C.
In conclusion, in our BP86/TZ͑2͒P calculations on the insertion of Pd into C-X bonds, relativity leads to more pronounced potential wells for the reactant complexes, lower activation barriers and more eductlike transition states, as well as more exothermic overall reaction enthalpies.
B. Comparison with experiments and other computations
In this section, we compare our results with those of previous experimental and theoretical investigations. Our findings are consistent with gas-phase experiments of Weisshaar and co-workers 6e,f,7b,e who studied the reactions of neutral transition metal atoms with alkanes in He buffer gas using spectroscopic techniques. They found that Pd-d 10 atoms insert neither into the C-H nor the C-C bonds of methane and ethane. No reaction at all is observed for PdϩCH 4 whereas PdϩC 2 H 6 leads to the formation of a collisionally stabilized ͓Pd, C 2 H 6 ͔ complex with an effective bimolecular rate constant of 0.16 (2) 6f This lower bound agrees well with our relativistic complexation energies ͑Table II, ZORA: Ϫ10.5 kcal/ mol, QR: Ϫ11.4 and Ϫ11.3 kcal/mol for CH 4 and C 2 H 6 ͒. On the other hand, our nonrelativistic ͑NR: Ϫ5.6 and Ϫ5.4 kcal/ mol͒, but also the PCI-80 complexation energies of Carroll et al.
7b ͑Ϫ5.1 and Ϫ6.6 kcal/mol͒, are slightly too weak compared to experiment. The absence of a complex of Pd and methane in the experiments has been ascribed to a lifetime of the internally hot ͓Pd, CH 4 ͔* encounter complex that is too short to allow for collisional cooling.
6f The larger alkanes, starting with ethane, have more internal degrees of freedom and they more efficiently dissipate the internal energy. Thus, lifetimes of the ͓Pd,alkane͔* encounter complex become long enough to benefit from termolecular cooling.
The fact that no products of C-H or C-C oxidative addition are observed can be understood if both the energy barrier and the entropy or statistical bottleneck are taken into account. In the case of PdϩCH 4 , the internally hot ͓Pd, CH 4 ͔* encounter complex dissociates back to the separate reactants rather than proceeding via the TS for C-H insertion, even though the latter has essentially the same energy as the former ͑⌬E ϭϪ1.6 kcal/mol at ZORA-BP86 and 3.6 kcal/mol at PCI-80, see Table II͒ . This can be ascribed to the high density of states of the unbound reactants and the low density of states of the tight TS for insertion as suggested by the negative activation entropy ⌬S of Ϫ22.5 cal/mol K relative to reactants ͑298 K; at ZORA-BP86; not shown in the tables͒. Such statistical barriers are well-known and often play a key role in gas-phase ion-molecule reactions. 23 In the case of PdϩC 2 H 6 , insertion into the C-C bond is prevented by an even less favorable entropy bottleneck associated with a negative activation entropy of Ϫ26.1 cal/mol K relative to reactants ͑298 K; at ZORA-BP86; not shown in the tables͒ and, in addition, a rather high activation energy of 12.5 kcal/mol at ZORA-BP86 ͑Table II͒.
Blomberg, Siegbahn and co-workers 7b,11b,j have studied the oxidative addition of Pd ͑and other metal atoms͒ into the C-H and C-C bonds of methane and ethane ͑but not chlo- FIG. 3 . Radial distribution function of the Pd 5s AO ͑left͒ and the electron density of Pd ͑right͒ at nonrelativistic ͑NR͒, quasirelativistic ͑QR͒ and ZORA relativistic BP86/TZ͑2͒P. romethane͒ at PCI-80 in which relativistic effects are accounted for by first-order perturbation theory. With an estimated accuracy of some 3 kcal/mol, 7b PCI-80 may be considered the best ab initio benchmark at present. In the first place, we note a remarkably strong dependence of the computed kinetic and thermodynamic parameters on the level of theory. For example, since the early GVB-RCI calculations of Low and Goddard, 11n ,o the value for the activation energy of Pd insertion into the methane C-H bond has decreased from 30.5 ͑no ZPE correction͒ to 3.6 kcal/mol ͑ZPE-corrected͒ at PCI-80, i.e., by approximately 27 ͑!͒kcal/ mol. Even the more recent MCPF value of 16 kcal/mol ͑no ZPE correction͒ 11j is still some 12 kcal/mol above the PCI-80 barrier of 3.6 kcal/mol ͑ZPE-corrected͒. Now, the qualitative trends for potential energy surfaces of PdϩCH 4 and PdϩC 2 H 6 are similar for our NR-, QR-, and ZORA-BP86 as well as the PCI-80 computations ͑Table II͒: C-H insertion has a lower barrier and is ͑slightly͒ more exothermic than C-C insertion. The best overall agreement of our relativistic BP86/T2͑2͒P results with PCI-80 is achieved using the ZORA approach. Our ZPE-corrected ZORA-BP86 activation energies are 8 -9 kcal/mol below the PCI-80 values, in line with the general tendency of present-day gradient-corrected DFT to underestimate reaction barriers. 13c The absence of relativistic corrections in the NR-BP86 approach masks this deficiency and yields instead activation energies that are 2-6 kcal/mol higher than those of PCI-80. We wish to point out that the PCI-80 activation barriers were computed using two approximations: ͑i͒ the final scaled MCPF energies of the PCI-80 study were not computed at the MCPF but instead the HF optimum geometry; 7b,11a ͑ii͒ the TS optimization 11a,j for PdϩCH 4 was carried using the C-Pd and H-Pd distances obtained by Low and Goddard 11n at HF. This may also contribute to the discrepancies with our ZORA-BP86 results. Furthermore, our ZPE corrected reaction energies at ZORA-BP86 are 7-9 kcal/mol more exothermic than those obtained at PCI-80. Finally, we wish to emphasize that whereas the quasirelativistic approach to relativity is known to fail in a few cases due to the core-collapse mentioned in Sec. II B, such a complete failure apparently does not occur here. Deviations between QR-BP86 and PCI-80 relative energies are only 1-4 kcal/mol larger than those between ZORA-BP86 and PCI-80.
Previously, Bickelhaupt et al. 10b studied the insertion of Pd into the chloromethane C-Cl bond at the BP86//LDA level of DFT without relativistic corrections. As can be seen in Table II , the older BP86//LDA relative energies agree well with those of the present nonrelativistic NR-BP86 computations for the reactant complex ͑RC, 3b͒ and the transition state ͑TS, 3c͒ but they differ significantly for the product ͑P, 3d͒ which is at too high energy in case of BP86//LDA. The discrepancy is caused by the use in the latter 10b of a smaller basis set ͑DZP instead of TZ2P for C and H͒ and LDA instead of BP86 for geometry optimization.
In conclusion, we achieve the best overall agreement with PCI-80 benchmark values using the ZORA-BP86 ap- FIG. 4 . Schematic representation of the frontier orbital interactions between Pd and the substrate in the transition states for oxidative insertion into the C-H, C-C and C-Cl bonds of CH 4 , C 2 H 6 and CH 3 Cl, emerging from our Kohn-Sham MO analysis of the TS interactions ⌬E int at nonrelativistic ͑NR͒, quasirelativistic ͑QR͒ as well as ZORA relativistic BP86/ TZ͑2͒P. proach which also yields pronounced potential wells for reactant complexes that are consistent with relatively strongly bound, collisionally stabilized Pd-alkane reactant complexes observed in gas-phase experiments.
C. Analysis of activation energies and TS structures
To shed light on how the relativistic stabilization of transition states for oxidative insertion is brought about, we analyze the NR, QR and ZORA activation energies ⌬E in terms of the activation strain ⌬E strain of and the TSinteraction ⌬E int between the deformed reactants in the activated complexes ͓see Eq. ͑6͒ and Sec. II C͔. The results of these analyses are collected in Table III . Two trends can be recognized: ͑i͒ relativity increases the TS interaction ⌬E int ͑except for QR in 1c, vide infra͒, and ͑ii͒ it lowers the activation strain ⌬E strain ͑except for ZORA in 3c͒. Let's for example take the PdϩCH 4 reaction ͑1͒: if we go from NR to ZORA, the TS interaction increases from Ϫ50.2 to Ϫ55.1 kcal/mol and the activation strain decreases from 62.8 to 53.5 kcal/mol. Both the trend in TS interaction and activation strain can be understood quite straightforwardly as a consequence of the well-known relativistic effects 12 on the frontier d and s AOs of the Pd atom: going from NR to ZORA, the 4d HOMO is slightly destabilized ͑from Ϫ4.24 to Ϫ4.19 eV͒ and expanded, leading to a slight expansion of the overall Pd density, whereas the 5s LUMO is substantially stabilized ͑from Ϫ2.9 to Ϫ3.4 eV͒ and contracted ͑see Table III and Fig. 3͒ . This leads to smaller energy gaps between the Pd 4d HOMO and the substrate LUMO ͑e.g., the C-H * of CH 4 ͒ as well as between the Pd 5s LUMO and the substrate HOMO ͑e.g., the C-H of CH 4 ͒ and, therefore, to a stronger Pd-substrate bonding through increased backdonation and donation, respectively ͑see Fig. 4 for relevant frontier orbital interactions͒.
The primary changes due to relativity in the Pd-substrate interaction are hidden to some extent by the structural changes they cause. Therefore, we have also analyzed the changes in TS interaction ⌬E int along NR, QR and ZORA using the optimum geometry of NR in all three cases. Table  IV shows the results for the transition state of the PdϩCH 4 insertion ͑1c͒. Now, it becomes much more clear than in Table III that the main effect of relativity on the TS interaction is generated in the orbital interaction term ⌬E oi . If we go form NR to ZORA, the latter increases by 8.6 kcal/mol ͑from Ϫ93.5 to Ϫ102.1 kcal/mol͒ which accounts for nearly two-thirds of the relativistic strengthening of the TS interaction ⌬E int . This correlates nicely with the reduced energy gaps between Pd and CH 4 frontier orbitals and it shows up in a decrease and increase of HOMO and LUMO populations, respectively ͑Table IV͒. Changes in the corresponding orbital overlaps are only marginal. Furthermore, the contributions of ⌬V elst and ⌬E Pauli to the trend in ⌬E int , although not unimportant, are much smaller. Note that, in the analyses of Table  IV , the trend in activation energy ⌬E ͑e.g., the lowering by Ϫ14.3 kcal/mol if we go from NR to ZORA͒, is caused entirely by the trend in ⌬E int because the geometry is kept frozen ͑to the NR optimum͒, making the activation strain ⌬E strain essentially constant.
Next, the constraint of a frozen geometry is released as we go back to the analyses of Table III . One might at first expect that the stronger Pd-substrate interaction causes the Pd atom to be further inserted into the C-X bond in the TS. However, the opposite happens, i.e., relativity leads to a contraction of the C-X bond in a more eductlike TS. In fact, this is easily understood if we consider the schematic reaction profile in Fig. 5 which is based on quantitative analyses of all stationary points along the reaction coordinate ͑Tables III and IV only show the results for the TS͒. Here, the nonrelativistic energy ⌬E of the reaction system is decomposed into the strain energy ⌬E strain of and interaction energy ⌬E int between the reactants ͑see Sec. II C͒. Along the reaction coordinate, ⌬E strain increases because the C-X bond of the substrate is stretched while the Pd-substrate interaction ⌬E int becomes more stabilizing due to the decreasing HOMO-LUMO gap of the substrate. The net result is the reaction profile of ⌬E with the transition state indicated by an asterisk. Now, if relativistic effects are switched on, the curve of the strain energy ⌬E strain as a function of the reaction coordinate ͑or C-X bond stretching͒ is not much affected, but the Pd-substrate interaction increases in all points along the reaction coordinate. This strengthening, indicated by vertical arrows in Fig. 5 , becomes larger as the reaction proceeds, simply because the inherent strength of Pd-substrate interaction also increases along this direction ͑vide supra͒. Thus, all stationary points on the relativistic PES, the dashed line in Fig. 5 , are stabilized and the maximum shifts to the left, i.e., the TS becomes more reactantlike. This also accounts for the trend mentioned earlier ͑in Sec. III A͒ that the relativistic stabilization of stationary points relative to separate reactants increases in the order RCϽTSϽP. Finally, as can be seen in Table III , the relativistic shift of the TS toward the reactant side is accompanied by a reduction in activation strain ⌬E strain , in line with the smaller degree of C-X stretching ͑cf. ''reaction coordinate'' or scaled C-X distance in Table  I͒ .
IV. CONCLUSIONS
Relativistic effects are important for an accurate quantum chemical description of the oxidative insertion of the second-row transition metal palladium into C-H, C-C and C-Cl bonds, as follows from our nonlocal DFT study on the model systems CH 4 , C 2 H 6 and CH 3 Cl, respectively, at BP86/ TZ͑2͒P. The effect of relativity in both the quasirelativistic ͑QR͒ and, to a slightly lesser extent, in the ZORA approach is that stationary points along the reaction coordinate are stabilized with respect to reactants. This stabilization becomes stronger as the reaction proceeds, i.e., in the order reactant complex (RC͒Ͻtransition state͑TS͒Ͻproduct͑P͒. Consequently, activation enthalpies are reduced by 6 ͑C-Cl͒ to 14 kcal/mol ͑C-H͒ and reaction enthalpies become more exothermic by 15 ͑C-Cl͒ to 20 kcal/mol ͑C-C͒. However, the relative order of barrier heights and reaction enthalpies is not affected. In all approaches, the activation barrier decreases in the order C-CϾC-HϾC-Cl and the reaction becomes more exothermic in the order C-HϽC-CϽC-Cl. Another relativistic effect is that all transition states become more eductlike.
The abovementioned effects can be understood in terms of the well-known relativistic destabilization of the Pd 4d HOMO and stabilization of the Pd 5s LUMO. These effects make the metal both a better electron donor and acceptor which leads to stronger donor-acceptor interactions between Pd and the substrate. The result is an additional stabilization of transition states and oxidative insertion products relative to the separate reactants.
Finally, the best agreement of our relativistic BP86/ TZ͑2͒P results with ab initio PCI-80 benchmark values and gas-phase spectroscopic experiments is obtained using the zeroth-order regular approximation ͑ZORA͒. For activation energies, discrepancies of 8 -9 kcal/mol remain which may be ascribed to the combined effect of an underestimation of barriers by DFT and the uncertainty of a few kcal/mol in the PCI-80 results.
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